In this study we attempt to find the optimum geometrical parameters of square-shape micro-dimples imposed on parallel flat bearing surfaces which give the best tribological performance, including load capacity and friction coefficient. An analytical solution of Reynolds equation for the surfaces involving numerous dimples is presented, then considering the variations of number of dimples as well as dimple length and height ratios for a constant dimpled length, it is tended to get the optimum value of parameters. It is shown that despite the variations of different studied geometrical parameters, it seems the optimum value of these parameters remain nearly constant. 
NOMENCLATURE

INTRODUCTION
Classical notes on hydrodynamic lubrication show that smooth parallel sliding surfaces under common circumstances do not have any contribution in load carrying due to pure sliding effect. However, giving even very small irregularity to one of the surfaces might result in very large load capacity to this type of bearings. Using the calculus of variations it is shown that among common bearing surface profiles for thrust bearings, the Rayleigh step bearing has the maximum load capacity [1] . On the other hand, over the last decade using controlled implanted surface irregularities especially using the Laser technology has become popular in bearing technology, since it is realized that this type of surface enhancement would give a better tribological performance. There is quite considerable experimental works on the investigation of effectiveness of this type of surfaces in increasing the load capacity or reducing the friction coefficient while the lack of analytical works is considerable too [2] [3] [4] [5] . Furthermore, it is shown that these micro-irregularities would give a better result even in relatively extreme lubrication situations like boundary lubrication by transition of the conditions to hydrodynamic or mixed lubrication modes [4] . Finding the optimum geometry and arrangement for micro-dimples seems also to be one of the interesting research areas in this field. Among the theoretical works, Burstein and Ingman [6] have studied the effect of pore ensemble statistics in improving the tribological characteristics of bearings under reciprocating motion. The idea behind their work is that there is no need for the perfect identification of the pores during production, but pore ensemble statistics must be taken into consideration in correct lubrication calculations. Brizmer et al. [7] have theoretically investigated the potential use of laser surface texturing technology in parallel thrust bearings. They have reported the optimum parameters of dimples and best partial laser surface textured (LST) condition in order to obtain maximum load carrying capacity. It is shown that there is an optimum for the textured portion of slider width which reduces its value by increasing of slider aspect ratio. They conclude that the micro-dimple "individual effect", which corresponds to full width texturing, is not useful for developing the large load carrying capacity expected from a hydrodynamic thrust bearing. In [8] Sahlin has investigated the hydrodynamic lubrication of textured surfaces using CFD. He simulated the circular and splined type surface irregularities in relatively high Reynolds numbers. It is concluded that the load capacity increases with increasing dimple cross sectional area and an optimum for load capacity is achievable when the height ratio lies in the range of 1.5 to 1.75 for all geometries and groove widths. Jo [9] has studied the laser textured surfaces in relatively high Reynolds numbers and has found that the textured surface performance may vary by the shape of microdimples. On the other hand, results from [10] show that the effect of dimple shape (positive and negative) is minimal on coefficient of friction. In addition, Wakuda et al. [5] have also shown experimentally that the dimple geometry has little influence on the frictional properties regardless of rounded or angular profiles. An experimental work by Kovalchenko et al. [4] reveals that a lower area dimple density is more beneficial for lubrication regime transitions. In addition, Etsion et al. in their work [11] have demonstrated that the effect of the pore's depth over diameter ratio is very significant on the average pressure, while the area density of the pores have very little effect on the average pressure.
The present work is focused to analyse the interaction of micro-square-dimples in hydrodynamic lubrication mode to find the probable optimum parameters based on either load capacity or friction force. As it is noted, most of results from the literature review show that there is a minor effect of dimple's shape on tribological characteristics of LST surfaces, therefore in the present study the square-type dimples are chosen to analyse due to their simplicity to use in analytical formulization of the problem. To get results, first it is intended to find a solution of the Reynolds equation which is suitable to impose on the cases in which there might be numerous surface irregularities like square shaped dimples. Then the results are presented for the case of parallel flat plate sliders partially dimpled with square-dimples with equal geometry. The effect of variation of three geometric parameters for dimples is studied including number of dimples, ratio of dimple's length to dimple's distance from each other, called length ratio and the ratio of dimple's height to minimum film thickness, called height ratio. In the present study it is assumed that the dimpled length is constant for all of the geometrical variations inside dimpled area. Finally, using a simple in-house search/optimization genetic algorithm code a relatively exact optimum values of height ratio for different dimple numbers as well as length ratios are computed.
PROBLEM FORMULIZATION
The one-dimensional steady Reynolds equation for an incompressible lubricant with constant viscosity can be expressed in the following form:
Double integrating of this equation with respect to x, will result in the pressure distribution along the bearing:
In which c 1 and c 2 are integration constants. Defining the boundary conditions for pressure as below:
(Accepted Version) In which x 0 and x n are the coordinates of the end points of the bearing geometry (Fig. 1 ). Using these boundary conditions, the integration constants would be determined as follow:
In general, the surface profile for the given geometry in Fig. 1 can be defined as:
Using this surface profile, the pressure distribution for any specified portion of the bearing length can be expressed in the form of: The load carrying ability of the bearing is calculated using the total average pressure as below:
In which L is the lubricating length. The velocity profile inside lubricant film is:
The wall shear stress for lower surface is defined as below:
Replacing velocity profile from (11) we have:
In which the pressure gradient can be directly calculated from (6) .
Replacing the pressure gradient would result in the lower wall shear stress for any specified portion of the dimpled surface as below:
The total friction force is:
Replacing the wall shear stress from (13) and integrating for specified integral limitations, we have: 
RESULTS AND DISCUSSION
To get the results it is assumed that the bearing is partially surface textured [7] . Since we have used the Sommerfeld boundary conditions, using the partially surface texturing idea enables us to locate the dimples in an area that the total produced pressure become positive for any variations in dimples geometry for the given velocity direction, although for the local pressure distribution a negative pressure may happen in some areas specially at the end part of geometry as it is shown in Fig. 1 . Two parameters are defined and used to show the geometrical variations of dimples. These parameters are the dimple height ratio and the dimple length ratio and are defined below respectively (see Fig. 1 ):
In addition using (19) we can define the ending length ratios as follows: To find the optimum geometry it is assumed that the total dimpled length is constant for all cases.
In this study we confined the problem to negative dimples in which the dimple length and height ratios are in the range of 0<ε<1 and 1<ξ<∞. In addition, it is assumed that the dimples have the same geometry. Referring to Fig. 1 Figure 2 shows the variations of local pressure distribution for different numbers of dimples when ε=0.2 and ξ=1.8. As it can be seen the pressure distribution at the ending part it becomes negative which in practice would lead to cavitation. Appropriate treating of the cavitation in sliding bearings can be done by applying Reynolds boundary conditions. However, since the Sommerfeld boundary condition is used here, therefore the dimpled area is chosen so that the area with negative pressure is minimized.in order to have more realistic results; whilst the real interaction of the cavitation in the results may be considered as another research topic including Reynolds boundary conditions. In general, there are three variables; potentially there might be an optimum for them regarding either load carrying ability or friction force: number of dimples and dimple's length and height ratios. Here the variations of all of these parameters would be considered. Figure 3 shows a three dimensional view of the variations of total average pressure, friction force, and friction coefficient with number of dimples for different dimple height ratios in a constant length ratio ε=0.05. As can be seen increasing the number of dimples at first shows a reduction in load capacity 1 as well as an increment in friction force, while increasing the number of dimples more than a specified number would make no considerable variations in either of parameters. On the other hand, if we consider the variations of height ratio, it is obvious that there is a maximum value for load capacity for each number of dimples which directly results in a minimum for friction coefficient, since for friction force it seems to be an inflection point. In contradiction to the reduction of friction force, the load capacity has a rapid growth before this optimum point for height ratio while after the optimum point, both of the load capacity and friction force are reduced. Considering the variations of friction coefficient demonstrates that for height ratios more than the optimum height ratio, the reduction of load capacity is more than of friction force. Moreover it can be observed that the optimum value for height ratio remains nearly in a constant range about 1.5 to 2 regardless of variations of number of dimples. In this case, it seems the optimum value for number of dimples is the minimum number of dimples. Figure 4 shows a more precise view to the variations of studied parameters with height ratio for different number of dimples. As it is seen the optimum height ratio is very close to 1.5 for all number of dimples. It is therefore evident that increasing the number of dimples for partial dimpled surfaces in general would reduce the tribological performance of slider bearings. This would be expected because in the lower limiting case of reducing the number of dimples the result would be the Rayleigh step which is known as the best slider bearing geometry. Figure 5 shows a three dimensional view of the variations of total average pressure, friction force, and friction coefficient with dimple height ratios for different dimple length ratios in a constant number of dimples of 10. From the graphs in this figure it seems that in general, higher values of length ratio would give better tribological performance. In other words, the length ratio of 1 would be the optimum length ratio. As can be seen from the first graph of Fig. 4 , the magnitude of optimum height ratio reduces by reducing the length ratio but it remains nearly in the same range as mentioned before.
The behaviour of the studied parameters with this optimum value of length and height ratios may allow us to call these optimum points "absolute optimums". The reason for this is that at these points both of the load capacity and friction coefficient show their optimum values. It is also of interest that these points are inflection points for friction force. Figure 6 shows the variations of optimum dimple height ratio with dimple length ratio for different number of dimples. As it is observed, the optimum height ratio for all of the possible variations of length ratio and dimple numbers remains in the range of 1.50 to 1.57. In conclusion, it can be stated that in the studied ranges the best performance would be achieved by dimple numbers of 2, dimple length ratio of 1 and corresponding dimple height ratio of about 1.57. The total average pressure and friction coefficient for this point are about 1.042E+9 and 1.967E-3 respectively. 
CONCLUSIONS
The effect of variations of the three main geometrical parameters of square-shaped dimples on the tribological characteristics namely -load capacity, friction force and friction coefficient -of a partial surface textured parallel slider bearings has been investigated. It is shown that, for this type of surface textured bearings, it is possible to find the optimum geometry for dimples. As a direct result of this study, it can be stated that, for partial textured surfaces, increasing the number of dimples would not help in improving either of load capacity and friction coefficient in pure hydrodynamic lubrication mode. For length ratio it is shown that the best performance can be achieved by using dimples with length equal with their distance from each other, i.e. ε opt =1. On the other hand, it is demonstrated that the effect of variations of length ratio as well as number of dimples on the optimum height ratio is not very considerable and with a good approximation it can be expressed that a height ratio of about ξ opt =1.5 to 1.57 would give the best performance for the studied partial textured surface. In addition, it is observed that, the optimum points for height ratio in which the resulted load capacity and friction coefficient are maximum and minimum respectively, are also an inflection point for correspondent friction force.
